INTRODUCTION
The Quaternary record of planktonic foraminiferal abundance change in the North Atlantic has revealed large fluctuations of sea-surface temperatures (SST) on glacial-interglacial time scales. Changes in the position of surface-water masses and their boundaries, including the Polar Front and the North Atlantic Drift, have been shown to correlate with the expansion and retreat of Northern Hemisphere ice sheets (summarized in Ruddiman and Mclntyre, 1984) . The record of ice-rafted debris (IRD) in North Atlantic sediments has also been used to trace the history of glaciation, in particular, to date the onset of significant Northern Hemisphere ice growth (Berggren, 1972; Backman, 1979; Poore, 1981) . A recent re-evaluation of the initial appearance of IRD in the North Atlantic (Backman, 1979) and new oxygen isotopic data from deep-sea benthic foraminifers (Shackleton et al., 1984) show that a major expansion of continental ice sheets occurred between 2.55 and 2.4 Ma. In this study, we examine planktonic foraminiferal census data from Site 609 to see how North Atlantic surface waters responded to this major climatic event. We also consider the impact of these surface-water changes on the ecologic and evolutionary development of North Atlantic planktonic foraminifers.
Site 609 (49°52.7'N, 24° 14.3'W) is on the upper middle eastern flank of the Mid-Atlantic Ridge (3884 m water depth) in the region of maximum glacial-interglacial SST change in the late Pleistocene (Ruddiman and Mclntyre, 1984) . The use of the hydraulic piston corer and Ruddiman, W. E, Kidd, R. B., Thomas, E., et al., Init. Repts. DSDP, 94 : Washington (U.S. Govt. Printing Office). multiple-hole coring have contributed to the almost complete recovery of undisturbed upper Pliocene sediments in this climatically sensitive oceanographic area.
METHODS
The high-quality paleomagnetic data acquired at Site 609 (Clement and Robinson, this volume) were used to construct a time-depth plot for Holes 609 and 609B (Fig. 1 ) by correlating the observed polarity reversal sequence with the Geomagnetic Reversal Time Scale (Berggren et al., in press ). Accumulation rates estimated by interpolation between magnetic polarity boundaries averaged 7.6 cm/kyr., with some of the variation due to the approximately 1.5-m uncertainty in placing magnetic boundaries (Clement and Robinson, this volume) . To obtain an optimum record of the Quaternary and Pliocene while avoiding disturbed cores in both Holes 609 and 609B, we combined the Hole 609 record from 1.0 to 2.32 Ma with that of Hole 609B from 2.35 to 3.5 Ma. By this means, we obtained a 2.5-m.y. record with one identifiable gap because of the presence of disturbed sediment corresponding to about 30 kyr., between 2.35 and 2.32 Ma.
Samples were taken at approximately 25-kyr. intervals, washed in disaggregating solution and wet-sieved through a 63-µm sieve. The coarse fraction (> 150 µm) was then successively split until a random, representative aliquot of roughly 350 specimens was obtained. The planktonic foraminiferal taxa were identified and counted, with generally less than 2°7o of each sample population classified as unidentifiable. The presence of benthic foraminifers, ice-rafted mineral grains, and other components such as radiolarians and ostracodes was recorded. One sample, 609-9-5, 120-122 cm, consisted almost entirely of IRD with no planktonic foraminifers and was classified as barren.
Planktonic foraminiferal census data were transformed to percentabundance data and an IRD index was calculated using the method of Poore and Berggren (1975) . Weight-percent CaCO 3 analyses (Ruddiman et al., this volume) are included for comparison (Fig. 2) .
RESULTS

Carbonate Record
Two carbonate curves for the spliced Site 609 record are plotted in Figure 2 . The first curve represents the full-density sampling interval of 30 cm (corresponding to about 4 kyr., Ruddiman et al., this volume) ; the second curve represents a subsampled version that includes No. grains + no. planktonic foraminifers pies but may be controlled largely by increased dissolution. Low carbonate values within this interval are not caused by the presence of IRD. At 2.45 Ma, CaCO 3 percentage values decreased to about 30%, initiating the high-amplitude glacial-interglacial carbonate cycles. This pattern does not appear to have become firmly established until 2.2 Ma, but within this interval there is a short section of disturbed sediment (< 30 kyr.) common to both holes that was not examined. After 2.45 Ma, the carbonate record correlated inversely with the amount of IRD (Fig. 2) , indicating predominantly glacial control of the CaCO 3 percentage.
The lowermost occurrence of IRD at Site 609 is in Sample 609B-19-5, 60-62 cm, corresponding to an age of 2.45 Ma. No IRD was found in any of the preceding samples, including two low CaCO 3 samples (609B-19-6, 120-122 cm and 609B-20-3, 120-122 cm) at 2.48 and 2.54 Ma in the unaliased record. Thus in basic agreement with Shackleton et al. (1984) , we find that 2.45 Ma marked the initiation of extensive calving of icebergs into the eastern subpolar North Atlantic.
Faunal Record
The relative abundances of the seven most abundant species are plotted against time (Fig. 3) according to the paleomagnetic stratigraphy of Clement and Robinson (this volume). Between 3.5 and 2.4 Ma, Neogloboquadrina atlantica (s., or left-coiling), Neogloboquadrina pachyderma (d., or right-coiling), and Globorotalia puncticulata were the three most abundant species. Globigerina bulloides and Globigerinita glutinata were of secondary importance and Neogloboquadrina pachyderma (s.) never made up more than a few percent of the total fauna. Species abundance variations prior to 2.45 Ma were as pronounced as those subsequent to glacial inception, with a rhythmically varying fauna alternately being dominated by N. pachyderma (d.), Globorotalia puncticulata, and to a lesser extent TV. atlantica (s.).
There is evidence of a major modification of the surface water at Site 609 between 3.4 and 3.2 Ma (Fig. 4) . Within this interval, G. puncticulata was absent, and N. atlantica (s.) reached its highest values (>39%) in this record. The maximum in N. atlantica (s.) abundance at about 3.3 Ma was preceded and followed by abundance maxima of N. pachyderma (d.) at 3.40 and 3.23 Ma; these occurred between the outer maxima of G. puncticulata, at 3.48 and 3.05 Ma, and the central maximum of N. atlantica (s.). After an absence of over 0.2 m.y., G. puncticulata reappeared at 3.15 Ma and again became a major component of the foraminiferal population.
The next distinctive change in the fauna occurred at 2.4 Ma. G. puncticulata disappeared within no more than 25 kyr., just after the last in a series of maxima in which it reached 30 to 40% of the total population. N. atlantica also disappeared abruptly; the average abundance of Globigerinita glutinata declined; and TV. pachyderma (d.) and Globigerina bulloides both increased in abundance at this time. These changes occurred about 0.05 m.y. after the initial appearance of IRD at Site 609.
The subsequent 0.75 m.y. (2.45-1.7 Ma) was a period of evolutionary transition between the preglacial Pliocene taxa described above and their present-day descendants. TV. pachyderma (d.) made up the greatest portion of the fauna through this interval, reaching maximum values of greater than 80%. Globorotalia puncticulata and TV. atlantica were absent. G. inßata, the evolutionary descendant of G. puncticulata, did not appear at this site until after 2.15 Ma. Transitional forms between G. puncticulata and G. inßata were so low in abundance that they did not register in the counted faunal splits.
With the exception of one sample at 2.05 Ma, leftcoiling TV. pachyderma abundances were less than 5%, and large influxes of IRD correlated with maxima of right-coiling TV. pachyderma. This correlation between maxima of IRD and TV. pachyderma (d.) is also seen in two samples (609-15-5, 60-62 cm and 609-15-3, 120-122 cm) , which have the lowest carbonate values (<20%) in the aliased section between 1.9 and 2.0 Ma (see Fig. 2 ). In these two samples, TV. pachyderma (s.) values were 2% and less than 1%, respectively. TV. pachyderma (d.) reached values of about 60%, and IRD was abundant. Unlike later in the Pleistocene, high IRD input between 2.4 and 1.7 Ma correlated to abundant right-coiling, rather than left-coiling, TV. pachyderma.
At 1.7 Ma, TV. pachyderma (s.) increased dramatically in abundance and began to correlate positively with IRD. The Pleistocene pattern of high-latitude faunal variation characterized by the periodic dominance of leftcoiling TV. pachyderma during glacial episodes was established at this time. An exception to this pattern is the 0.2-m.y. interval between 1.3 and 1.1 Ma within which TV. pachyderma (s.) abundances were extremely low, and right-coiling TV. pachyderma again reached unusually high abundances in excess of 60%, compared with maximum values of less than 35% in North Atlantic core tops (Kipp, 1976) .
Anomalous faunal abundances have also been found within the interval of 1.3 to 1.1 Ma at Hole 552A (Ruddiman et al., in press). At that hole, the periodically cold climatic conditions evidenced by isotopic and Ca-CO 3 data were not recorded by foraminiferal SST estimates derived from transfer functions. Ruddiman et al. (in press) suggest that this may have been because of a fundamental change in the environmental responses of one or more species. It is also possible that right-and left-coiling TV. pachyderma respond to an environmental property not directly linked to temperature. The data here indicate that the environment from 1.3 to 1.1 Ma was similar to that between 2.4 and 1.7 Ma, a time of evolutionary instability and climatic transition for which we have no modern analogue.
DISCUSSION The 3.4-3.2 Ma Cooling Event
Prior to 2.45 Ma, many high-amplitude changes in relative species abundances occurred at Site 609. Rather than a stable oceanographic regime prior to glaciation, we see evidence of continual variability of the local environment on a scale comparable to the post-2.4 Ma record. Of exceptional interest is the prolonged absence of Globorotalia puncticulata from 3.4 to 3.2 Ma and the maximum in Neogloboquadrina atlantica (s.) abundance at 3.3 Ma (Fig. 4) . N. pachyderma (d.) reached abundance maxima at about 3.4 and 3.2 Ma. Based on its occurrence in regions of transitional to warm-subtropical waters (Kennett and Srinivasan, 1983) , we interpret G. puncticulata as the warm end-member of these three species. N. atlantica, which Poore (1981) showed to be more abundant than N. pachyderma (d.) at progressively higher latitudes, is interpreted as the cold end-member. N. pachyderma (d.) lived in waters transitional in temperature between those preferred by G. puncticulata and N. atlantica. Taken together, the abundance records of these three species clearly delineate a surface-water cooling, lasting 0.2 m.y., with the abundance maxima in subpolar N. pachyderma (d.) at 3.4 and 3.2 Ma recording the transition into and out of the cooling phase. We interpret this event to represent a long-term southward displacement of the North Atlantic Drift accompanied by cooling in the high-latitude North Atlantic.
A similar event has been identified at Site 548 in the North Atlantic. Moss and Loubere (1984) report the disappearance of G. puncticulata between 3.3 and 3.1 Ma. The lack of paleomagnetic control at Site 548 and the diachroneity of biostratigraphic markers at high latitudes (Weaver, this volume) suggest that this event may correlate with the 3.4-3.2 Ma event found at Site 609. Other possible evidence of this episode is the abrupt appearance of G. puncticulata at about 3.1 Ma at Site 606 (37°2 0.3'N, 35° 30.0'W; Ehrmann and Keigwin, this volume). They interpret G. puncticulata as displacing warmer-water species, indicating cooling. This apparent discrepancy could be explained by the northward and southward expansion of the transitional/subtropical water mass that is found between 30°N and 50°N today (Kipp, 1976) . The linkage of the 3.4-3.2 Ma event to other climatic records from the Northern Hemisphere is not clear. Many investigators have cited evidence of a steplike oxygen isotope increase at 3.2 Ma (Shackleton and Opdyke, 1977; Leonard et al., 1983; Prell, 1984) , and several have interpreted this increase as evidence for the initial buildup of ice in the Northern Hemisphere. Moss and Loubere (1984) correlate the cooling event at Site 548 with this presumed ice-growth phase. Alternatively, Prell (1984) has interpreted the isotope record as reflecting a drop in bottom-water temperatures and hence cooling of highlatitude surface waters. However, no evidence is found in the oxygen isotope record of Site 606 for an increase at 3.2 Ma (Keigwin this volume). We conclude that isotopic evidence for Northern Hemisphere ice accumulation and/or cooling at this time is ambiguous and note that our data point to a North Atlantic warming at 3.2 Ma rather than cooling. The earlier North Atlantic temperature decline at 3.4 Ma may have accompanied the inception of glaciation on Iceland, a climatic event involving ice volumes too small to impact the global isotopic signal. The oldest tillites in Iceland are found below what is believed to be the Mammoth reversal (3.08-3.18 Ma), and above a rock originally dated at 3.10 ±0.13 Ma (McDougall and Wensink, 1966) . Taking into account a recalculation of the radiometric decay constant (Mankinen and Dalrymple, 1979) used to date the underlying rock, the tillite could be older than 3.2 Ma and thus equivalent to the North Atlantic cooling between 3.4 and 3.2 Ma. But it is possible that the reversal just above the tillite is the Kaena (2.92-2.99 Ma) rather than the Mammoth; the Kaena had not been identified in 1966. In this case, the Icelandic glaciation could postdate the oceanic cooling identified here.
Finally, Einarsson et al. (1967) identified an abrupt influx of Pacific boreal mollusks to Iceland at the Gilbert/Gauss magnetic boundary (3.4 Ma). They attribute this influx to migrations over the subsiding Bering land bridge. This migration may have been related to the North Atlantic cooling documented here.
The 2.45 Ma Event
The initiation of major Northern Hemisphere glaciation at 2.45 Ma profoundly altered the foraminiferal assemblage composition at this North Atlantic site. Globorotalia puncticulata and Neogloboquadrina atlantica, two major components of the preglacial Pliocene fauna, disappeared entirely at this time, while N. pachyderma (d.) abundances rose to more than twice those found in the North Atlantic today (Kipp, 1976) . The oceanographic factors that caused these changes are not known; oceanic cooling alone appears inadequate as an explanation, because the eliminated species had temperature preferences both warmer and colder than the species that survived the event. Yet it is probable that there was a substantial North Atlantic cooling at that time, in view of the climatic effects likely to be associated with development of major ice sheets (Manabe and Broccoli, 1984) . Large-scale Northern Hemisphere glaciation in the late Quaternary has invariably been coupled to significant cooling of the high-latitude North Atlantic Ocean, except for brief northward extensions of the SST lags characteristic of middle latitudes (Ruddiman and Mclntyre, 1984) .
The explanation of the faunal changes may lie in other oceanographic modifications associated with ice growth. Increased seasonality, altered structure in the shallow parts of the thermocline, and an increased influx of meltwater, sea ice, and icebergs may all have played a role in the dramatic alteration of the North Atlantic fauna at 2.4 Ma. It is premature at this point to choose from among this array of possibilities.
The 2.45-1.7 Ma Interval
Subsequent to the initiation of glaciation, 0.75 m.y. passed before the planktonic foraminiferal fauna developed the composition characteristic of the late Quaternary, in particular the strong dominance of Neogloboquadrina pachyderma (s.) during glacial conditions. Not until 1.7 Ma did N. pachyderma (s.) become a significant component of the planktonic fauna. To explain the sudden abundance of this species in the late Pliocene North Atlantic, Poore (1981) proposed that climatic fluctuations intensified at this time, resulting in a southward expansion of polar waters. Yet between 2.45 and 1.7 Ma, δ 18 θ records suggest significant volumetric variations in Northern Hemisphere ice (Shackleton et al., 1984) , and the record of IRD at Site 609 indicates large fluxes of icebergs into this area of the North Atlantic. Thus low abundances of N pachyderma (s.) apparently cannot be attributed to an absence of cold conditions during this interval. A more likely explanation for the sudden predominance of this species may be that an asyet unidentified environmental change directly influenced N. pachyderma (s.) abundances at that time.
The evolutionary transition between Globorotalia puncticulata and G. inflata also lies within this interval. The gap between the last appearance of G. puncticulata at 2.4 Ma and the abrupt appearance of G. inflata at 2.1 Ma may reflect the time needed for evolutionary adaptation of this lineage to water-mass changes caused by glaciation. Malmgren and Kennett (1981) proposed that increased inflation of the G. inflata test allowed this species to adjust to density changes within the water column. These density changes may have been caused by cooling, as Malmgren and Kennett (1981) postulated, or by the buildup of Northern Hemisphere ice, which increased ocean salinity. CONCLUSIONS 1. Prior to 2.4 Ma, there were many cyclic variations in the surface water hydrography above Site 609, including a prolonged southward displacement of cooler polar waters between 3.4 and 3.2 Ma. An increase in the abundance of Globorotalia puncticulata at 3.2 Ma indicates that the North Atlantic was warming at that time.
2. The initial appearance of IRD at Site 609 occurred at 2.45 Ma. At this time, the CaCO 3 percentage record began to correlate negatively with IRD abundance and was characterized by the high-amplitude glacial-interglacial variations typical of the Pleistocene.
3. Associated with the large Northern Hemisphere ice buildup at 2.45 Ma was a dramatic change in the composition of the planktonic foraminiferal fauna of the North Atlantic. Within 0.1 m.y., Neogloboquadrina atlantica and G. puncticulata disappeared from the record at Site 609 and right-coiling N. pachyderma began to dominate the faunal assemblage, reaching abundance values over twice those found in the North Atlantic today.
4. The first appearance of G. inflata, the evolutionary descendant of G. puncticulata, occurred at 2.1 Ma, and the abrupt increase in the abundance of left-coiling N. pachyderma at 1.7 Ma marked the establishment of the typical Pleistocene foraminiferal assemblage in the North Atlantic.
